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Abstract

The binding of the methylanthraniloyl derivatives of ATP~mant-ATP!, ADP ~mant-ADP!, 29deoxyATP ~mant-
29deoxyATP!, and 39deoxyATP~mant-39deoxyATP! to the catalytic subunit of protein kinase A was studied to gain
insights into the mechanism of nucleotide binding. The binding of the mant nucleotides leads to a large increase in
fluorescence energy transfer at 440 nm, allowing direct measurements of nucleotide affinity. The dissociation constant
of mant-ADP is identical to that for ADP, while that for mant-ATP is approximately threefold higher than that for ATP.
The dissociation constant for mant-39deoxyATP is approximately fivefold higher than that for 39deoxyATP while
derivatization of 29deoxyATP does not affect affinity. The time-dependent binding of mant-ATP, mant-29deoxyATP, and
mant-ADP, measured using stopped-flow fluorescence spectroscopy, is best fit to three exponentials. The fast phase is
ligand dependent, while the two slower phases are ligand independent. The slower phases are similar but not identical
in rate, and have opposite fluorescence amplitudes. Both isomers of mant-ATP are equivalent substrates, as judged by
reversed-phase chromatography, although the rate of phosphorylation is approximately 20-fold lower than the natural
nucleotide. The kinetic data are consistent with a three-step binding mechanism in which initial association of the
nucleotide derivatives produces a highly fluorescent complex. Either one or two conformational changes can occur after
the formation of this binary species, but one of the isomerized forms must have low fluorescence compared to the initial
binary complex. These data soundly attest to the structural plasticity within the kinase core that may be essential for
catalysis. Overall, the mant nucleotides present a useful reporter system for gauging these conformational changes in
light of the prevailing three-dimensional models for the enzyme.
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Protein kinases are ATP-dependent enzymes that phosphorylate
key proteins in signaling pathways in the cell. The roles of these
catalysts have expanded to enormous proportions in recent years.
The delivery of a phosphate group from ATP to serine, threonine,
or tyrosine side chains in key targets can influence a diverse array
of cellular processes including metabolism, mitosis, immune re-
sponses, motility, secretion, inflammation, and apotosis. Under-
standing how these enzymes phosphorylate proteins on a mechanistic
level not only is critical for understanding how these cellular pro-

cesses are regulated but also may provide insights into potential
chemotherapeutic strategies. The activities of the protein kinases
are tightly regulated through a broad range of mechanisms that
include phosphorylation, cellular localization, and protein–protein
interactions~Pawson & Scott, 1997!. Protein kinases lacking these
regulatory components can severely disrupt normal cell function.
Indeed, several protein kinases have been linked to human dis-
eases. For example, mutations in the tyrosine kinases, the insulin
receptor kinase, Zap 70, and Btk, have been linked to diabetes,
severe combined immunodeficiency, and X-linked agammaglobu-
linemia, respectively~Clauser et al., 1992; Rawlings et al., 1993;
Thomas et al., 1993; Chan et al., 1994; Elder et al., 1994!. The
connection between protein kinases and physiological disorders
has prompted the design of inhibitors specific for some of the
members in this large enzyme family and clinical trials are under-
way ~Cohen, 1999!.

Many protein kinases are structurally complex and composed
of one or more noncatalytic domains in addition to a conserved
kinase core. The noncatalytic regions are normally involved in
activity regulation and0or subcellular localization~Liu & Pawson,
1994; Pawson & Scott, 1997!. There are presently a number of
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X-ray structures for the kinase domains and together they define a
common structural motif for the enzyme family. The kinase do-
main of protein kinase A~PKA!, the first in the family to be
elucidated by X-ray diffraction methods~Knighton et al., 1991a,
1991b!, is composed of two subdomains: a small, nucleotide bind-
ing domain rich inb structure, and a large substrate binding do-
main dominated bya-helices. The active site is positioned between
these two subdomains and contains several conserved residues
predicted to be important for substrate and ATP binding and phos-
phoryl transfer. The delivery of the phosphoryl group does not
occur in the absence of a critical metal activator, Mg21. This metal
chelates thebg phosphates of ATP, presumably supporting nucle-
otide binding and catalysis~Zheng et al., 1993a!. The active site
also binds a second Mg21, which has meaningful but complex
effects on the steady-state kinetic parameters~Cook et al., 1982;
Adams & Taylor, 1993!. While the second Mg21 is a nonessential
modulator of catalysis, about 105 of the sites that bind this metal
are occupied at physiological concentrations of 0.5 mM free
metal~Cook et al., 1982!. The partial population of this secondary
metal site is, therefore, significant from a functional perspective.

The mechanism by which protein kinases phosphorylate their
protein targets has been under investigation for quite some time,
but it has been the more recent applications of solvent perturbation
and rapid-mixing techniques that have provided a focused glimpse
into the discrete steps associated with catalysis. Viscosometric stud-
ies on PKA demonstrated initially that phosphoryl transfer is not a
rate-limiting element in turnover~Adams & Taylor, 1992!. Rapid
quench flow studies were later used to isolate the phosphoryl trans-
fer step~500 s21! and show that its rate is 20-fold higher than
turnover~Grant & Adams, 1996!. The slow step in the mechanism
has been presumed to be ADP release owing to the lowKd for this
product compared to the phosphopeptide~Cook et al., 1982; Bhat-
nagar et al., 1983!, and recent catalytic trapping studies support
this presumption~Zhou & Adams, 1997!. In these latter experi-
ments, preequilibration of PKA with ADP prior to reaction initia-
tion with ATP and peptide substrate leads to acute “burst” phase
attenuation, consistent with rate-determining ADP dissociation
~25 s21!. These findings are compatible with the kinetic sequence
in Scheme 1 under conditions of saturating ATP concentrations.

The pathway in Scheme 1 was determined when both of the
metal sites were occupied with Mg21. In comparison, pre-steady-
state kinetic analyses at 0.5 mM free Mg21, a physiological level
of metal, challenges the simple view for substrate phosphorylation
depicted in Scheme 1. Under these conditions, two conformational
changes—one prior to and one subsequent to the phosphoryl trans-
fer step—are the primary rate-limiting steps for substrate turnover
~Shaffer & Adams, 1999a, 1999b!. Both solution and crystallo-
graphic models of PKA incorporate flexible segments in the kinase
core that may underlie these observations. For example, PKA has
been crystallized in either an “open” or “closed” form based on
relative movements of the two domains~Zheng et al., 1993b!. This
movement appears to occur in solution based on small angle X-ray
scattering studies~Olah et al., 1993!. In addition to these large

domain movements, it is likely that changes in several key loop
segments are essential for ATP binding based on chemical cleavage
studies~Cheng et al., 1998b!.

It is clear that conformational changes in PKA occur in solution
under thermodynamic conditions and some of these changes could
be critical for controlling the phosphorylation mechanism. None-
theless, there is still no link between any structural changes ob-
served under equilibrium conditions and those detected under normal
catalytic cycling. Furthermore, it is unclear whether ligand bind-
ing, either ATP or peptide, drives these structural changes. For
example, PKI causes a decrease in the enzyme’s radius of gyration
~Olah et al., 1993!, yet ATP, and not PKI, alters the susceptibility
of the kinase core to chemical cleavage agents~Cheng et al., 1998b!.
Whatever the source, a more thorough kinetic investigation of the
role of structural changes is useful for providing this essential link.
To probe further the role of conformational changes in the kinetic
mechanism, we investigated the binding of several fluorescent
nucleotides to the catalytic subunit of PKA using equilibrium and
stopped-flow fluorescence spectroscopy. In particular, because me-
thylanthraniloyl~mant! derivatives of ATP have been used effec-
tively for the study of molecular motors including myosin head
fragments, dynein, and kinesin~e.g., Ma & Taylor, 1997; Friedman
et al., 1998; Mocz et al., 1998; Moyer et al., 1998!, we wondered
whether these derivatives would be useful for studying the kinetic
mechanism of PKA. In this present study, we demonstrated that
mant-ATP is a substrate for PKA and the binding of these deriv-
atives leads to an increase in fluorescence resonance energy trans-
fer. Once bound, the nucleotide–enzyme complex can isomerize to
a low fluorescence form. A second conformational change step is
important for binding, but it may occur either before or after the
initial association complex. These results indicate that mant deriv-
atization of ATP and ADP provides a useful probe for the charac-
terization of conformational changes in PKA.

Results

Fluorescence spectra of mant nucleotide derivatives

Figure 1A displays the spectra of mant-ATP excited at 290 nm in
the absence and presence of PKA. The binding of PKA to the
nucleotide leads to a large fluorescence increase at 440 nm~ap-
proximately twofold enhancement!. The spectra for PKA alone are
also displayed in Figure 1A. However, only a small amount of
fluorescence above 400 nm is observed due to the intrinsic fluo-
rescence of PKA~1 mM ! so that the large enhancement at 440 nm
upon mant-ATP binding cannot be explained by contributions from
the enzyme spectrum. Similar spectra were recorded for the other
mant derivatives and, in all cases, a large increase in fluorescence
is observed at 440 nm upon the association of the nucleotide and
enzyme~data not shown!. To determine whether this fluorescence
increase is due to an energy transfer process, the spectrum of
mant-ATP, excited at 340 nm in the absence and presence of PKA,
was recorded. As shown in Figure 1B, no increase in fluorescence
is observed, suggesting that the large increase at 440 nm in Fig-
ure 1A is due to resonance energy transfer between the protein and
the mant fluorophore. A 15% increase in fluorescence at 440 nm
was observed upon mixing mant-ADP~120mM ! and PKA~1 mM !
using 340 nm excitation~data not shown!, suggesting that a small
portion of the energy transfer signal for this nucleotide may be due
to general environmental factors.Scheme 1.
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Dissociation constants of mant nucleotide derivatives

The dissociation constants for the mant nucleotide derivatives were
measured using the energy transfer signal resulting from enzyme
association. In these experiments, spectra were recorded for mant
nucleotides in the absence and presence of PKA, and the changes
in fluorescence at 450 nm were measured. This wavelength was
selected because very little enzyme fluorescence is detected in this
region. Nonetheless, changes in fluorescence at 450 nm upon PKA
binding were corrected for the minor contribution of enzyme flu-
orescence. The change in fluorescence at 450 nm~DF 450! upon
binding mant-ATP is shown in Figure 2. The data are fitted to a
hyperbolic function to obtain aKd of 36 mM for mant-ATP. The
fluorescence for mant-ATP in the absence of PKA increased lin-
early with the concentration of nucleotide~data not shown! so that
the curvature in the plot of Figure 2 is not due to saturation of the
detector. Binding isotherms were also measured for the other nu-
cleotide derivatives, and the results of the data fits are displayed in
Table 1. The nucleotides bind with dissociation constants in the
range of 8 to 36mM.

Phosphorylation of a peptide substrate by PKA
using mant-ATP

The ability of mant-ATP to serve as a phosphoryl donor in the
PKA-catalyzed reaction was assessed using HPLC detection
methods. In this study, PKA~2.5 mM ! was allowed to phosphor-
ylate the peptide substrate, GRTGRRNSI~400 mM !, using mant-
ATP~130 mM !. After various time periods, the reaction was acid
quenched, and the entire mixture was injected onto the HPLC
column. A chromatogram for the reaction after 30 s is shown in
Figure 3A. The peaks for mant-ATP, mant-ADP, and peptide were
assigned based on injecting purified samples alone onto the HPLC
column~data not shown!. The mant-ATP sample, which purifies as
a single peak on the DEAE sepharose column, appears as a doublet
of peaks on the reversed-phase column~arbitrarily assigned peaks
#1 and #2!. We presume that these peaks correspond to the two

Fig. 1. Fluorescence spectra of mant-ATP in the presence and absence of
PKA. A: Spectra of mant-ATP with PKA~a!, mant-ATP alone~b!, and
PKA alone~c! upon excitation at 290 nm. The excitation and emission slits
are set at 5 nm.B: Spectra of mant-ATP with PKA~_ _ _! and mant-ATP
alone~_! upon excitation at 340 nm. The excitation and emission slits
are set at 1 nm. The concentrations of mant-ATP, PKA, and MgCl2 are
120mM, 1 mM, and 10.1 mM, respectively, in all spectra. The fluorescence
output is expressed in units of cps~counts per second!.

Fig. 2. Change in fluorescence energy transfer as a function of total mant-
ATP concentration. The spectra of PKA and mant-ATP alone were sub-
tracted from the spectra of mant-ATP with PKA and the change in
fluorescence at 450 nm~DF 450! was plotted as a function of total mant-
ATP concentration~8–120 mM ! using 1 mM PKA in all spectra. The
fluorescence output is expressed in units of cps~counts per second!. The
data were fit to a hyperbolic function to obtain aKd of 36 6 5 mM.

Table 1. Dissociation constants for mant-nucleotides to PKA
using equilibrium fluorescence measurements
at 10 mM free Mg21a

Nucleotide
Kd

~mM ! Nucleotide
KI

~mM !

mant-ATP 366 7 ATP 12b

mant-ADP 9.06 4 ADP 10c

mant-29deoxyATP 346 10 29deoxyATP 38d

mant-39deoxyATP 7.66 2.4 39deoxyATP 1.5d

aThe Kd values were determined by fitting the corrected changes in
fluorescence at 450 nm as a function of total nucleotide concentration to a
rectangular hyperbolic function. All measurements were made in 50 mM
Mops ~pH 7! at 258C.

bThis value is based on theKI of 12 mM for bg methylene ATP~Arm-
strong et al., 1979a! and falls within the limits of#15 mM for the Kd of
ATP derived from viscosity measurements~Adams & Taylor, 1992!.

cThis value was taken from Shaffer and Adams~1999b!.
dThese values were taken from Hoppe et al.~1978!.
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isomers for the nucleotide, namely 29 and 39 mant-ATP~Hiratsuka,
1983!. Reinjecting peak #1 onto the HPLC column leads to a
doublet of peaks with the same retention time and distribution as
the original two peaks~data not shown!, confirming this presump-
tion. The peak for mant-ADP may be a doublet, although this
cannot be well resolved using this separation system. Simultaneous
detection at 356 nm confirms that peaks #1 and #2 and the as-
signed mant-ADP peak contain the mant fluorophore~data not
shown!. We identified the phosphopeptide peak by running a con-
trol reaction using the natural nucleotide, ATP. With time, a peak
that comigrates with that in Figure 3A appears while the peptide
peak disappears~data not shown!. Both ATP and ADP elute in the
void volume of the column~data not shown!.

The production and consumption of all reactants and products
were followed as a function of time in Figure 3B. The peaks for
phosphopeptide and mant-ADP increased as a function of time,
while those for mant-ATP decreased with time. The concentrations
were determined based on percent integrated areas using 214 nm
detection and the known initial concentrations of peptide and mant-
ATP. The data were fit to single exponential functions to obtain
rate constants for the time-dependent change in species. As shown
in the legend of Figure 3, the production of mant-ADP and phos-
phopeptide and the disappearance of peaks #1 and #2 follow
similar rate constants~0.012–0.017 s21!. The concentrations of
mant-ADP and phosphopeptide approach 130mM, the limiting
amount of mant-ATP used in these experiments. Because peaks #1
and #2 are not ideally separated in the chromatograms, the largest
errors in the depletion of these peaks is expected. Nonetheless,
both mant-ATP peaks decreased to zero after 3 min~data not
shown! indicating that both isomers are substrates for the enzyme.
Finally, the observed rates for substrate depletion and product
consumption are approximately 10-fold faster than the isomeriza-
tion rate for the mant group at the 29 and 39 positions of ATP at
pH 7 ~Cheng et al., 1998a!. This indicates that both isomers are
utilized directly as substrates rather than an alternative reaction
pathway in which one isomer is catalytic and complete turnover
awaits the isomerization of the remaining inactive isomer. Based
on the initial velocity for the production of phosphopeptide~v 5
0.12 s21 3 130mM 5 1.6mM0s!, an observed initial rate constant
of 0.64 s21 ~v0@E# 5 1.6 mM0s02.5 mM ! can be calculated. This
rate constant is approximately 20-fold lower thankcat using ATP as
a phosphoryl donor~Adams & Taylor, 1992; Shaffer & Adams,
1999b; Zhou & Adams, 1997!.

Stopped-flow binding of the mant nucleotide derivatives

The kinetics of nucleotide binding were measured using stopped-
flow fluorescence spectroscopy. In these experiments, PKA was
mixed with the mant nucleotides in the instrument cuvet and time-
dependent changes in fluorescence above 420 nm were recorded
upon excitation at 290 nm. As shown in Figure 4A, the binding of
mant-ATP~200 mM ! to PKA ~0.5 mM ! is accompanied by three
fluorescence changes: a large, rapid~580 s21! increase followed
by a slower increase~40 s21! and decrease~35 s21!. The inset in
Figure 4A shows the first 30 ms of the reaction. The data were also
fit using a double exponential equation~dotted line!, but this did
not provide adequate fitting for data above 30 ms. Also, the fluo-
rescence intensity did not change after 500 ms and up to 10 s,
indicating that the slower phases are not the result of photobleach-
ing ~data not shown!. The triphasic character was also observed at
other concentrations of mant-ATP. Figure 4B shows the depen-
dence of the rates of these phases on the total concentration of
mant-ATP. The rate of the fast phase~l1! increases linearly as a
function of the nucleotide concentration while the rates of the
second~l2! and third~l3! phases are not affected by mant ATP
within the concentration range studied. The slope~l1

slope! and in-
tercept values~l1

int ! for l1 along with the average values ofl2

~l2
ave! and l3 ~l3

ave! are displayed in Table 2. The binding of
mant-ADP is also accompanied by fast and slower increases fol-
lowed by a slower decrease in fluorescence~data not shown!. The
data fitting for these transients is also displayed in Table 2.

To determine whether these kinetic transients are due to iso-
meric impurities in the mant-ATP samples, the binding of mant-
29deoxyATP was monitored. In this experiment, shown in Figure 5A,

Fig. 3. Time course for the phosphorylation of the peptide substrate
GRTGRRNSI using mant-ATP and PKA.A: HPLC chromatogram of the
components of the phosphorylation reaction. PKA~2.5 mM !, mant-ATP
~130mM !, and GRTGRRNSI~400mM ! were mixed and allowed to react
for 30 s before stopping the reaction with 30% acetic acid. The peaks for
peptide, mant-ATP, and mant-ADP were identified by injecting these sam-
ples alone~data not shown!. The phosphopeptide peak was identified by
running the reaction with ATP and monitoring the time-dependent produc-
tion of this peak~data not shown!. B: Changes in the concentration of
phosphopeptide~d!, mant-ADP~C!, and peaks #1~m! and #2~n! as a
function of time. For this time course, PKA~2.5mM !, mant-ATP~130mM !,
and peptide~400 mM ! were incubated for varying time periods and then
quenched with acetic acid. The peaks from the HPLC chromatograms were
integrated, and the areas were converted to concentration based on the
initial concentrations of the components. The data were fit to single expo-
nential functions to obtain rates of 0.017, 0.012, 0.014, and 0.013 s21 for
the production or disappearance of mant-ADP, phosphopeptide, peak #1,
and peak #2, respectively. The total production of phosphopeptide and
mant-ADP is 124mM, while peaks #1 and #2 are 87 and 43mM prior to
reaction.
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PKA ~0.5 mM ! is mixed with mant-29deoxyATP~200mM ! in the
stopped-flow instrument and the time-dependent change in fluo-
rescence is recorded. The inset in this figure shows the first 30 ms.
The binding of this nucleotide derivative to PKA occurs in three
phases: a fast increase in fluorescence~510 s21! followed by a
slower increase~50 s21! and a fluorescence decrease~41 s21!.
This transient is similar to that observed for mant-ATP. The fluo-
rescence intensity did not change after 500 ms and up to 10 s,
indicating that the second phase is not the result of photobleaching
~data not shown!. Figure 5B displays the effects of total mant-
29deoxyATP concentration on the rates of both phases. The data
were fit identically to that in Figure 4A, and the results are listed
in Table 2. There is no difference, within experimental error, in the
kinetic parameters for binding mant-ATP or mant-29deoxyATP,
indicating that the multiphase character of nucleotide association
and unique opposing fluorescence amplitudes are not due to iso-
mer impurity.

Dissociation rate constants for the mant derivatives

The dissociation rate constants for the mant-nucleotides were mea-
sured in trapping experiments in the stopped-flow instrument. In
these experiments, PKA is preequilibrated with a mant-nucleotide
~L! and then mixed rapidly with an equal volume of a trapping
ligand~T ! in excess amounts~@T # . @L#!. Time-dependent changes
in fluorescence can be monitored if the preequilibrated enzyme–
ligand complex has different fluorescence properties then the
enzyme-trapping ligand complex. A representative trapping exper-
iment is shown in Figure 6. In this experiment, the displacement of
mant-ATP from the enzyme by ATP results in a biphasic fluores-
cence decrease with rate constants of 190~l1! and 30~l2! s21. The
amplitude of the second phase is considerably smaller than that for
the first phase~0.27 vs.20.018 V!. Reducing the concentration of
ATP by twofold did not affect these rate constants indicating that
the observed values represent limits for the observed dissociation
for mant-ATP~data not shown!. The same procedure was used to
measure the dissociation rate constant for the other mant nucleo-
tides. These values are displayed in Table 2. In all cases, the
observed dissociation rate constants are independent of the trap-
ping ligand concentration, a prerequisite for the assignment of the
kinetic transients to true “off” rates. For trapping mant-ADP and
mant-29deoxyATP, a second, slow phase was not observed.

Discussion

Binding properties of the fluorescent nucleotides

The binding of the mant nucleotide derivatives to PKA can be
monitored owing to a strong fluorescence energy transfer signal at
440 nm~Fig. 1!. The dissociation constants for mant-29deoxyATP
and mant-ADP are identical to those for the nonconjugated nucle-
otides, while the dissociation constant for mant-39deoxyADP is
fivefold higher than that for 39deoxyADP. Based on the binding of
the nonhydrolyzable analog,bg methylene ATP~Armstrong et al.,
1979b!, and viscosometric studies~Adams & Taylor, 1992!, theKd

for ATP is expected to be 12mM, a value threefold lower than that
for mant-ATP. Care must be taken in evaluating theKd values for
mant-ATP and mant-ADP. The constants for mant-ATP and mant-
ADP represent apparent values because the mant group can reside
on either the 29 or 39 position, and it is unclear from these mea-
surements whether one or both of the isomers causes fluorescence
changes. Nonetheless, the observation that mant-29deoxyATP and
mant-39deoxyATP cause fluorescence enhancements and bind well

Fig. 4. Binding of mant-ATP to PKA using stopped-flow spectroscopy.
A: Time-dependent change in fluorescence upon mixing PKA~0.5 mM !
and mant ATP~200 mM !. Fluorescence signal is collected above 420 nm
using a cutoff filter, and the sample is excited at 290 nm. Two sets of 200
data points are collected over two time frames: 0–20 ms and 20–220 ms.
A 1.5 ms offset is inserted in the time axis to account for instrument
deadtime. The inset shows the first 30 ms of the reaction. The solid line
represents a triple exponential fit to the data with the following rate~l1, l2,
l3! and amplitude~a1, a2, a3! parameters:l1 5 5806 20 s21, l2 5 406
8 s21, l3 5 356 7 s21, a1 5 0.826 0.04 V,a2 5 0.506 0.02 V, anda3 5
20.496 0.03 V. The dotted line represents a double exponential fit to the
data with the following rate~l1, l2! and amplitude~a1, a2! parameters:
l1 5 420 6 20 s21, l2 5 20 6 6 s21, a1 5 0.52 6 0.02 V, anda2 5
20.021 6 0.001 V. B: Effects of total mant-ATP concentration~10–
200mM ! on l1 ~d!, l2 ~C!, andl3 ~n!. The fits to the data are presented
in Table 2.

Table 2. Stopped-flow kinetic parameters for the binding
of nucelotides to PKA at 10 mM free Mg21 a

Ligand
l1

slope

~mM21 s21!b
l1

int

~s21!b
l2

ave

~s21!
l3

ave

~s21!

mant-ATP 2.06 0.30 1656 25 546 10 396 8
mant-ADP 1.36 0.20 1706 15 336 8 276 5
mant-29deoxyATP 1.56 0.20 2206 25 406 14 306 7

aParameters were measured under pseudo-first-order conditions where
@L# . @E# in 50 mM Mops~pH 7! at 258C.

bl1
slope andl1

int represent the slope andy-intercept terms for the linear
dependence ofl1 on ligand concentration.
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compared to the nonderivatized forms suggests that both isomers
of mant-ATP bind to PKA~Table 1!. In the next two sections, we
will provide kinetic evidence to support this claim.

Mant-ATP is a substrate for PKA

Large alterations to the structure of ATP can impair catalytic func-
tion. For example, the ATP analogs, lin-benzo-ATP and etheno-
ATP, are substrates for PKA but displaykcat0Km values that are
5- and 3,500-fold lower, respectively, than that for the natural
nucleotide~Hartl et al., 1983!. To assess the viability of mant-ATP
as a phosphoryl donor in the PKA-catalyzed reaction, the phos-
phorylation of the peptide, GRTGRRNSI, was monitored using
HPLC methods. This peptide is the best, known substrate for PKA
with a kcat0Km value of;150mM21 s21 ~Mitchell et al., 1995!, a
value that is almost two orders of magnitude higher than the tra-
ditional substrate, Kemptide~LRRASLG!. The phosphorylation of
GRTGRRNSI was followed so that the fate of the peptide and the

nucleotide could be identified. The chromatograms~Fig. 3! show
clearly the time-dependent production of phosphopeptide and mant-
ADP peaks as well as the disappearance of the two peaks for
mant-ATP. These data demonstrate not only that mant-ATP is a
substrate for PKA but also that the two isomers are utilized in the
reaction. This supports the previous supposition from the data in
Table 1 that both isomers bind to PKA. Also, the similar time
constants for the disappearance of peaks #1 and #2 indicate that
PKA does not discriminate between the two isomers. Nonetheless,
the rate for peptide phosphorylation is approximately 20-fold lower
than that observed under identical concentrations of ATP, indicat-
ing that mant-ATP is a poor donor in the reaction compared to the
natural nucleotide.

Binding mechanism for the mant nucleotides

While the equilibrium fluorescence measurements~Fig. 2; Table 1!
provide dissociation constants for the mant derivatives, they do not
furnish information regarding the mechanism for nucleotide asso-
ciation. For the binding of mant-ATP and mant-ADP to PKA, the
time-dependent changes in fluorescence energy transfer, measured
in the stopped-flow instrument, are triphasic. Because the rates of
the slower phases~l2 and l3! do not increase as a linear func-
tion of either mant-ATP or mant-ADP and the binding of mant-
29deoxyATP, an analog that is substituted at only one position of
the ribose ring, observes multiphasic kinetics~Figs. 4, 5!, the
triphasic character of the transient state kinetics is due to a mini-
mal, three-step binding mechanism where two of the steps repre-
sent conformational changes in the protein. While the ligand
dependence onl1 indicates that the fast phase corresponds to the
bimolecular association event, the position of this step with respect
to both conformational changes is uncertain. Because one of the
conformational change steps must occur after ligand binding to
account for the negative amplitude ofl3, two mechanistic possi-
bilities, displayed in Schemes 2 and 3, are operative.

In both mechanisms, the isomeric mixtures in mant-ATP and
mant-ADP are ignored because similar values forl1

slope are de-

Fig. 5. Binding of mant-29deoxyATP to PKA using stopped-flow spectros-
copy.A: Time-dependent change in fluorescence upon mixing PKA~0.5mM !
and mant-29deoxyATP~200 mM !. Fluorescence signal is collected above
420 nm using a cutoff filter, and the sample is excited at 290 nm. Two sets
of 200 data points are collected over two time frames~0–20 ms and
20–120 ms!. A 1.5-ms offset is inserted in the time axis to account for
instrument dead time. The inset shows the first 30 ms of the reaction. The
data were fit to a triple exponential function with the following rate~l1, l2,
l3! and amplitude~a1, a2, a3! parameters:l1 5 5106 30 s21, l2 5 506
11 s21, l3 5 41 6 6 s21, a1 5 0.486 0.005 V,a2 5 0.256 0.07 V, and
a3 5 20.246 0.09 V.B: Effects of total mant-29deoxyATP concentration
~10–200mM ! on l1 ~d!, l2 ~C!, and l3 ~n!. The fits to the data are
presented in Table 2.

Fig. 6. Trapping mant-ATP from the binary enzyme complex using ATP.
PKA ~2 mM ! is preequilibrated with mant-ATP~400 mM ! in one syringe
and rapidly mixed with ATP~6,000mM ! in the other syringe. The final
concentrations of PKA, mant-ADP, and ATP in the reaction cuvet of the
stopped-flow instrument are 1, 200, and 3,000mM, respectively. Two sets
of 200 data points were collected over two time frames—20 and 200 ms
~only the first 120 ms is displayed!. The data were fit to a double expo-
nential function to obtain rate constants of 1906 10 s21 ~a1 5 20.276
0.003 V! and 206 5 s21 ~a2 5 20.0186 0.002 V!.
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tected for all nucleotides~Table 2!, the ligand-dependent portions
of the binding transients are fit adequately by a single exponential
~Table 2!, and both isomers of mant-ATP can phosphorylate the
peptide substrate at equivalent rates~Fig. 3!. Qualitatively, these
two mechanisms can explain the transient state data if the fluores-
cence output forE{L andE{L9 exceeds that forE{L0 in Scheme 2
or if the fluorescence output forE{L exceeds that forE{L9 in
Scheme 3.

While mathematical treatments for one- and two-step binding
mechanisms are known and reported in several reviews~e.g., John-
son, 1992; Fierke & Hammes, 1995!, there is no general analytical
solution for a three-step binding mechanism. Nonetheless, approx-
imate solutions can be obtained if the rates of the individual phases
are well separated~l1 . l2 . l3! or if the initial phase is faster
than the second and third phase~l1 . l2, l3! ~Bernasconi, 1976!.
The data in Table 2 are most consistent with the latter condition,
but the inability to measure a clear hyperbolic ligand dependence
on l2 and l3 prohibits a unique solution to the mechanism in
Scheme 2~Bernasconi, 1976!. Regardless, the fast phase slope
~l1

slope! and intercept~l1
int ! are close in value tok1 andk21, and

provide an estimate of the affinity for the initial enzyme–ligand
encounter. Based on viscosity and isotope partitioning studies,
kcat0KATP represents the association rate constant for ATP~Kong &
Cook, 1988; Adams & Taylor, 1992!. The similarities between
kcat0KATP ~1–2 mM21 s21! and l1

slope ~Table 2! indicate that the
latter is truly measuring the association rate constant for mant-ATP,
and that mant derivatization does not impair nucleotide access to
the binding pocket. Whilel1

int0l1
slope is close toKd for mant-ATP,

this ratio is more than 10-fold larger than theKd for mant-ADP
~Tables 1, 2!, implying that the conformational change step~s! in
the latter mant nucleotide make~s! larger contributions to affinity.
Mathematical treatments of complex binding mechanisms predict
hyperbolic ligand dependencies on the observed rates of the con-
formational steps if they are thermodynamically favorable~Ber-
nasconi, 1976; Johnson, 1992!. While it is predicted that this would
apply to mant-ADP, the inability to measurel2 or l3 beneath
10mM ligand makes it difficult to fit a hyperbolic relationship and
extract individual rate constants.

Trapping the mant derivatives using ATP

Trapping studies can be helpful for the description of ligand bind-
ing to a protein and analytical solutions of ligand dissociation are
available for one- and two-step mechanisms~Johnson, 1992; Torok
& Trentham, 1994!. For a two-step process, double exponential
transients may be observed that describe the net decomposition of

both ligand-bound complexes. However, monophasic displace-
ment transients may be observed, depending on the relative con-
centrations of the bound species and their relative fluorescence
properties~Torok & Trentham, 1994!. Despite the complex kinetic
behavior of mant nucleotide binding presented herein~Table 2!,
the trapping of these ligands occurs in two phases for mant-ATP
and only one phase for mant-ADP and mant-29deoxyATP~Table 3!.
We interpret these results to mean that the initial encounter of the
fluorophore with PKA yields a highly fluorescent species~i.e.,E{L
in Scheme 2 or 3! that may isomerize to poorly fluorescent forms
~i.e.,E{L0 in Scheme 2 orE{L9 in Scheme 3!. Indeed, fluorescence
decreases are observed for all mant nucleotides indicating that, at
least, one of the isomerization steps produces a weakly fluorescent
species. Under these conditions, the initial trapping phase reflects
primarily the net rate for decomposition of the initial encounter
species. For mant-ATP and mant-29deoxyATP, the initial trapping
phase rate~lf! is close in value to~l1

int !, suggesting thatEL in
Scheme 2 or 3 is highly fluorescent compared to the isomerized
complexes. The low amplitude forls for mant-ATP and the ab-
sence of secondary phases for mant-29deoxyATP and mant-ADP
are consistent with weak fluorescence outputs for some of the
isomerized forms of PKA in Scheme 2 or 3. While the fluorescence
output forE{L9 may be greater thanE{L in Scheme 2 to account
for the positive amplitude forl2 ~Fig. 4!, the lower fluorescence of
E{L0 compensates for this increase and masks the expected phase
for this step in the trapping experiment.

Structural changes induced by theg phosphate of ATP

Although mant has no effect on ADP binding, fluorophore deriv-
atization of ATP reduces binding affinity by approximately three-
fold ~Table 1!. This result suggests that theg phosphate of ATP
induces unique structural changes in the enzyme that influence the
ribose portion of the binding pocket. In contrast, X-ray models of
PKA with either ATP or ADP bound exhibit no detectable changes
in either local or global structure~Madhusudan et al., 1994!.
Although these contrasting results could mean that fluorophore
sensitivity to protein conformation surpasses the limits of crystal-
lographic resolution, the mant results may also imply that the
X-ray models for PKA are not entirely representative of solution
structures. In addition, other data hint to differences in ATP and

Scheme 2.

Scheme 3.

Table 3. Dissociation rate constants for various nucleotides
determined from trapping studies in 10 mM free Mg21 a

Complexb
Trapping
ligandc

lf

~s21!
ls

~s21! as0~af 1 as!
d

E{mant-ATP ATP 1906 10 206 6 0.07
E{mant-ADP ATP 756 5
E{mant-29deoxyATP ATP 2406 20

aExperiments were performed in a stopped-flow instrument in 50 mM
Mops~pH 7! at 258C. The fluorescent transients were fit to either single or
double exponential functions to give rate constantslf and0or ls.

bProtein–ligand complex preequilibrated in one syringe of the instru-
ment prior to mixing with the trapping ligand.

cLigand used to monitor release of preequilibrated ligand.
das0~af 1 as! is the ratio of the absolute amplitude of the slow phase

~as! with respect to the total, absolute amplitude change~af 1 as!.
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ADP binding modes. Although energy transfer appears to be the
sole mechanism for the observed increases in fluorescence output
upon mant-ATP binding~Fig. 1!, the fluorescence increases upon
mant-ADP binding have a larger solvent component coupled with
energy transfer~see Results!. Such a result could indicate that
mant-ADP adopts a different binding mode than mant-ATP. Fur-
thermore, the inability to closely correlate the observed trapping
rate for mant-ADP withl1

int as had been done in the cases of
mant-ATP and mant-29deoxyATP~Tables 2, 3! suggests that this
nucleotide may utilize a more complex binding mechanism than
mant-ATP.

Enzyme plasticity and catalysis

In another study from our laboratory, we identified two conforma-
tional changes associated with ATP and ADP binding to a fluores-
cently labeled mutant of PKA~Lew et al., 1997!. In this study, an
asparagine-to-cysteine mutation in the C-terminal tail was labeled
with the fluorophore, acrylodan, creating a mutant enzyme~Acr-
N326C! whose fluorescence emission above 400 nm is sensitive to
nucleotide binding. The rates for one of the conformational changes
~70 s21! and the bimolecular release step for ADP measured in a
trapping experiment~100 s21! could account forkcat ~40 s21!,
suggesting that the structural event plays a noticeable role in rate
limitation. Although this study was performed on a mutant enzyme
with slightly altered steady-state kinetic parameters, the parallels
between these results and those for the mant nucleotides are strik-
ing. Although the mant and acrylodan fluorophores in both studies
are uniquely located in the structure of PKA, both incorporate
conformational changes. These parallels, along with the close re-
lationship between the rates of the conformational steps for mant-
ADP binding~l2

ave andl3
ave in Table 2! andkcat ~20 s21!, suggest

that structural changes in PKA may play a role in limiting turnover.
At a minimum, the data in this manuscript report a high level of
enzyme plasticity that may be important for catalysis and may
underlie some of the structural heterogeneity observed in X-ray
and solution models~Olah et al., 1993; Zheng et al., 1993b; Narayana
et al., 1997!. The mant derivatives are thus effective tools for
relating dynamic ligand processes with three-dimensional models
and for defining the contribution of unimolecular, conformational
events. Changes in the number or rates of these conformational
steps upon selective amino acid replacement will help to link move-
ments in loop or secondary structural elements with nucleotide
accommodation in the active site.

Materials and methods

Materials

Adenosine diphosphate~ADP!, adenosine triphosphate~ATP!,
29deoxyATP, 39deoxyATP, 3-~N-morpholino! propane sulfonic acid
~Mops!, lactate dehydrogenase, pyruvate kinase, nicotinamide ad-
enine dinucleotide, reduced~NADH !, and phosphoenolpyruvate
were purchased from Sigma Chemicals~St. Louis, Missouri!.
N-methylisatoic anhydride was purchased from Molecular Probes
~Eugene, Oregon!. Triethylamine, acetonitrile, trifluoroacetic acid
~TFA!, and magnesium chloride were purchased from Fisher~Fair
Lawn, New Jersey!. DEAE Sepharose was purchased from Amer-
sham Pharmacia Biotech~Piscataway, New Jersey!.

Peptides and enzyme

The substrate peptides, GRTGRRNSI and LRRASLG, were syn-
thesized at the USC Microchemical Core Facility using Fmoc
chemistry and purified by C-18 reversed-phase HPLC. Substrate
concentrations were determined by turnover with the C-subunit
under conditions of limiting peptide in the spectrophotometric assay.
Recombinant C-subunit was expressed inEscherichia coli, and
purified according to previously published procedures~Yonemoto
et al., 1991!. The total concentration of the protein was measured
by its absorbance at 280 nm~A0.1% 5 1.2!.

Enzyme assay

The enzymatic activity of the C-subunit was determined as de-
scribed previously~Cook et al., 1982!. The oxidation of NADH,
monitored spectrophotometrically as an absorbance decrease at
340 nm, is coupled to the production of ADP by lactate dehydrog-
enase and pyruvate kinase. All reactions were measured in a Beck-
man DU640 spectrophotometer equipped with a microcuvet holder.
Typical steady-state kinetic assays were performed in 50 mM Mops
~pH 7! in a final volume of 60mL at 248C. The active concen-
tration of enzyme was obtained by measuring the intial velocity of
the reaction using 3 mM ATP, 0.5 mM LRRASLG and 10 mM free
Mg21 assuming a turnover number of 20 s21 at 10 mM free Mg21

~Grant & Adams, 1996!.

Preparation of fluorescent nucleotide derivatives

The mant derivatives of ATP, ADP, 29deoxyATP, and 39deoxyATP
were synthesized and purified using previously published proce-
dures~Hiratsuka, 1983; Woodward et al., 1991!. A 1:1.5 molar
ratio of nucleotide to methylisatoic anhydride were allowed to
react for 2 h at 388C, checking the pH to 9.6 with NaOH. The pH
was dropped to 7 with HCl, and the reaction mixture was frozen
prior to separation. The thawed samples were eluted from a
DEAE Sepharose column using a linear gradient of 5 to 900 mM
triethylamine-carbonate buffer~pH 8.5!. The derivatized nucleo-
tides were well resolved from the underivatized nucleotides and
mant groups. The former was identified by the absence of an
absorption peak above 300 nm, and the latter was identified by an
absorption maximum at 330 nm. The labeled nucleotides were
confirmed by the characteristic absorbances at 250 and 356 nm.
For the derivatized nucleotides, the ratios of absorbances at 250
and 356 nm~A2500A356! were greater than 3.5, confirming that a
single mant group was attached to each nucleotide.

HPLC detection of substrate phosphorylation

The phosphorylation of the peptide substrate, GRTGRRNSI, by
PKA using mant-ATP was monitored using HPLC detection. In
this assay, PKA~0.1–5mM !, mant-ATP~130–200mM !, and pep-
tide ~400 mM ! were allowed to react in 3 mL of 50 mM Mops
~pH7! at 258C. Aliquots ~400 mL! were removed at varying time
periods~0–300 min! and 25mL of 0.5 M EDTA was added to stop
the reaction. The quenched samples were frozen prior to analysis.
A portion of the quenched samples~200 mL! was injected and
eluted from a reversed-phase column~Waters RCM or Vydac!
using a linear gradient of 5 to 30% acetonitrile in 0.1% TFA. The
peaks were recorded using absorbances at 214 and 356 nm.
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Equilibrium fluorescence measurements

The fluorescence spectra of the mant nucleotides in the absence
and presence of PKA were measured using a Fluoromax spectro-
fluorimeter equipped with a 500mL cuvet and holder. Spectra of
the nucleotides, PKA, and a mixture of the nucleotides and PKA
were measured either by exciting the samples at 290 nm and col-
lecting the emission intensity between 300 and 550 nm or by
exciting the samples at 340 nm and collecting the emission inten-
sity between 380 and 550 nm. Excitation and emission slit widths
of 1 or 5 nm were used in all experiments. All fluorescence mea-
surements were made in buffers containing 50 mM Mops, pH 7.0,
at 258C.

Stopped-flow kinetic measurements

All transient kinetic measurements were made using an Applied
Photophysics stopped-flow spectrometer. Samples were mixed 1:1
in the instrument cuvet using two identical 2.5 mL syringes. The
excitation wavelength was 290 nm, and fluorescence emission was
measured using a 420 nm cutoff filter. The instrument collected a
total of 400 data points in each experiment and, in some cases, the
data were separated with 200 points for the short time frames~0 to
20 ms! and 200 points for the longer time frames~20 to 120–
320 ms!. For data analysis, the average of 5–10 individual traces
was used. The fluorescence data were recorded as volts, and the
time data were corrected for the instrument deadtime by adding
1.5 ms to all the time points. Rate constants and amplitudes were
obtained by fitting of the data to equations describing a single or
double exponential growth0decay using the Applied Photophysics
software. Alternatively, the raw data were imported into the
computer program KaliedaGraph~Synergy Software, Reading, Penn-
sylvania! and fit using similar equations. All fluorescence mea-
surements were made in buffers containing 50 mM Mops, pH 7.0,
at 258C.
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